Compared to conventional metal-foil strain gauges, nanocomposite piezoresistive strain sensors have demonstrated high strain sensitivity and have been attracting increasing attention in recent years. To fulfill their ultimate success, performance of vapor growth carbon fiber (VGCF)/epoxy nanocomposite strain sensors subjected to static cyclic loads was evaluated in this work. A strain-equivalent quantity (resistance change ratio) in cantilever beams with intentionally induced notches in bending was evaluated using the conventional metal-foil strain gauges and the VGCF/epoxy nanocomposite sensors.
Introduction
Structural health monitoring (SHM) is a paramount subject required in many engineering fields. Effective SHM relies on the advances in a broad range of technologies including identification methodology or algorithm, sensor, data acquisition, signal processing, damage identification and life prediction, etc. For identification methodology, the methods developed to date have the capacity to deal with dynamic test data [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , static test data [14] [15] [16] [17] [18] [19] and hybrid ones [20] , which can be can be adopted to solve three key problems in SHM: monitoring the occurrence of damages, locating the damage positions and estimating the severity of damage.
Certainly, some techniques require numerical models together with experimental data [1-4, 11-14, 20] , while others may only rely on experimental data [5] [6] [7] [8] [9] [10] [15] [16] [17] [18] [19] . Among experiment-based approaches, a representative one is based on vibration mode-shape information [5] [6] [7] [8] [9] [10] . However, direct use of displacements or displacement based vibration mode-shapes may be problematic due to the low sensitivity to material damage. Recently, significant progress has been achieved in development of new techniques based on detecting mechanical strain [4, 5, 13, [15] [16] [17] [18] [19] , or strain-equivalent curvature mode-shapes [6, 7] , or high-order curvature mode-shapes using fractal theory [8] [9] [10] .
To obtain reliable strain data, the available strain sensors include conventional metalfoil strain gauges [18, 19] , piezofilm (poly (vinylidene fluoride): PVDF) sensors [19] , piezoceramic (lead zirconate titanate: PZT) sensors [13] and optical fibers [5, 10, [15] [16] [17] 19] . These strain sensors possess their own advantages and disadvantages. For instance, the conventional metal-foil strain gauge is inexpensive, stable and reliable but its strain sensitivity is very low. PZT and PVDF sensors are more suitable to measure dynamic signals but are expensive. The fiber optical strain sensors (e.g., fiber-Bragg-grating (FBG) sensors) are of various advantages, leading to their wide applications in recent [5, 10, [15] [16] [17] 19] . However, the FBG strain sensors do suffer a drawback, i.e., the socalled strain-temperature cross-sensitivity. This means that both temperature and strain can contribute to the Bragg wavelength shifts. An FBG fabricated with a standard communications fiber has a temperature sensitivity of 11pm/ o C and a strain sensitivity of 1.22 pm/ in the 1550-nm band [21] . In order to discriminate between strain and temperature in FBG sensing, complex techniques often have to be used for signal processing.
Based on the above background, as stated previously, sensor technology is a key issue for SHM. More recently, more effort has been put to development of new piezoresistive strain sensors made from carbon nanofiller/polymer nanocomposites [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The widely used carbon nanofillers with high electrical conductivity include carbon nanotubes (CNT) [22-26, 28, 31, 33, 35, 36, 39-40] , carbon nanofibers (CNF) [29, 36] , carbon nanoparticles [27] , etc. The advantages of the piezoresistive nanocomposite sensors can be summarized as: high sensitivity [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] 39] , low fabrication cost, shape and size tailorability, insensitive to electromagnetic interference and corrosion, no negative impact on the mechanical properties of target structures, etc. Significant advances have been achieved in increase of strain sensitivity [36] and understanding of sensing mechanisms [24-26, 28, 31, 32, 34, 39-40] . On the other hand, for practical applications, the repeatability and stability of the nanocomposite sensors are crucial.
Unfortunately, there have been a few recent studies focusing on the behaviors of the nanocomposite strain sensors under cyclic loads or dynamic loads [26, 31, [39] [40] , which show some promising results. Moreover, instead of fabrication of the nanocomposite sensors, Gao et al. [41] directly dispersed CNT in fiber reinforced epoxy composites and used them to evaluate the damage evolution and failure mechanisms of the composite by measuring the resistance of the crossply composite in real-time during incremental cyclic tensile loading. This work is one of few examples which directly apply this sensing technology to SHM.
In this work, firstly, we characterized the performance of vapor grown carbon fiber (VGCF)/epoxy nanocomposite sensors under static cyclic loads. Then, with improved signal stability, reproducibility and durability via optimizing the processing window, the nanocomposite sensors were applied to the SHM of a cantilever beam with bending deformation. It was found that the nanocomposite sensors are much more sensitive to a tiny damage compared to conventional metal-foil strain gauges in terms of the variation of resistance change ratio, i.e., strain-equivalent data. We believe that the above efforts are crucial to promote practical applications of this new sensor technology in future.
VGCF/epoxy Nanocomposite Strain Sensors

Fabrication of VGCF/epoxy Nanocomposite Strain Sensors
The VGCF/epoxy nanocomposite was fabricated using a similar technique to the authors' previous work with some modifications [36] . An insulating bisphenol-F epoxy resin (JER806, Japan Epoxy Resins Co. Ltd.; Japan) and an amine hardener (Tomaido 245-LP, Fuji Kasei Kogyo Co. Ltd.; Japan) were used. The nanocomposite was prepared by mixing the epoxy resin and the hardener with the ratio of (5:3) using a planetary mixer (AR-100, THINKY Co. Ltd.; Japan) at 2000 rpm for 30s. Then, VGCFs Table 1 . Note that VGCF is a kind of inexpensive nanofillers with a similar price to conventional carbon short fibers. To explore the influence of VGCF loading on the sensor's performance, we used two types of VGCF loading, i.e., 3 and 5wt.%. A 200 m thick film was prepared from the cured VGCF/epoxy mixture to make nanocomposite strain sensors, Fig. 1 . Very good dispersion of VGCFs in epoxy matrix identified in [36] leads to the sensor's high functional stability.
Performance Test of VGCF/epoxy Nanocomposite Strain Sensors
The signal stability and reproducibility as well as the durability of nanocomposite This phenomenon can be explained from the sparser conductive network and the correspondingly pronounced tunneling effects in this sensor compared to that of 5 wt.% VGCF loading as described in [28, 36] . The zero-strain resistances of the two nanocomposite sensors in Fig. 4 are very stable, implying the nanocomposite sensor's reliable performance and high durability under static cyclic loads. Note that the resistances of the present nanocomposite sensors (see Fig. 4 ) are very large, which makes the nanocomposite sensors insensitive to electromagnetic interference.
To further explain the above experimental results, the working mechanisms of these nanocomposite strain sensor need to be understood. From the accumulated knowledge to date, the sensor piezoresistivity can be mainly attributed to the following three aspects: (a) variation of conductive networks formed by carbon nanofillers, e.g., loss of contact among carbon nanofillers [24, 26, 28, 36] ; (b) tunneling resistance change in neighboring carbon nanofillers due to distance change [25] [26] [27] [28] 33] ; (c) piezoresistivity of carbon nanofillers themselves due to their deformation [22, 23, 31] .
For the first working mechanism, it can be easily understood from Fig. 5 where some conductive paths formed by VGCFs may be broken up by external strains, leading to the increase of sensor's resistance. For the second one, tunneling phenomenon occurs when two VGCFs are very near, e.g., within 1nm [25] . As shown in Fig. 6 , the tunneling effects can be quantitatively modeled by the tunneling current J or tunneling resistance R tunnel between two neighboring VGCFs in an exponential form as:
, where  1 ,  2 and  are some constants, and d is the distance between the two VGCFs. As shown in [25] , for epoxy matrix, 1Å increase of the distance, i.e., from d to d', can lead to 10 times lower tunneling current or 10 times higher tunneling resistance, which leads to very high sensitivities of the nanocomposite sensors. For the third mechanism, it has been identified in [34] that the piezoresistivity of carbon nanofillers, e.g., CNTs, has a minor impact on the piezoresistivity behavior of the nanocomposite sensors through multiscale numerical simulations.
Here, the first and second mechanisms are used to explain the present experimental results (Figs. 2-4 ) of the VGCF/epoxy nanocomposite sensors under static cyclic loads.
Firstly, from Fig. 4 , at a strain level of 6000 , there should be very few VGCF conductive paths experiencing a permanent unrecoverable cutoff or break-up since there is no obvious change of zero-strain resistance within 300 load cycles. The first mechanism should be dominated by the recoverable network cutoffs. For the second mechanism, i.e., tunneling effects, they are recoverable during static cyclic loads. These features results into the high signal stability and reproducibility of the present sensors (see Figs. 2 and 3) . Secondly, the remarkable difference between the 1 st and the 2 nd tests can be explained from weakened bonding between VGCF and epoxy matrix after the 1 st load cycle. The average Young's modulus of the present VGCF is 516.5 GPa [37] , which is at least 170 times higher than that of epoxy, i.e., around 2~3GPa. Therefore, VGCF plays a role of a rigid-body embedded in the epoxy without significant elastic deformation. In this case, as shown in Fig. 7 for an embedded VGCF in epoxy matrix, due to the big mismatch in Young's moduli of the VGCF and the epoxy matrix and resulting non-uniform deformation, there is very high shear stress concentration at the two ends of the VGCF [38] . For instance, under the tensile strain 6000applied on the nanocomposite sensor, corresponding to around 18 MPa tensile stress in the nanocomposite of the Young's modulus of 3GPa. The shear stresses at the two ends of VGCF should be of the same level as the normal tensile stress as shown in [38] or even much higher by considering possible elastic stress singularity at the two ends of the VGCF. These high shear stresses trigger the happening of debonding at the two ends since the shear strength of epoxy ranges from 15 MPa to 20 MPa [37] . Then, the bonding length between the VGCF and the epoxy decreases. Here, although the sensitivity of the sensor with 3wt.% VGCF loading is higher than that with 5wt.% VGCF loading, i.e., around 25% higher , its signal repeatability is slightly worse (see Figs. 2 and 3) . In Fig. 4 , the stability of the zero-strain resistance in the sensor of 5 wt.% VGCF loading is also higher. Moreover, multiple sensors cut from the same nanocomposite sheet of 5 wt.% VGCF loading possess almost the same and stable property due to its internal dense, stable and evenly distributed conductive network. Therefore, from the above aspects, the sensors of 5 wt.% VGCF loading were finally employed in the following SHM application.
Application of VGCF/epoxy Nanocomposite Strain Sensors in SHM
The nanocomposite sensors of 5 wt.% VGCF loading were applied to damage monitoring in a cantilever beam problem. The present experimental setup is shown in Fig. 8 . Quasi-static loading was realized by slowly dangling a 3 kg weight using a jack.
To compare the effectiveness of the present nanocomposite sensors with that of conventional metal-foil strain gauges, two identical damage monitoring tests were performed independently using an aluminum beam of thickness 3mm. The dimensions of the beam and the positions of four sensors, i.e., A, B, C and D are shown in Fig. 9(a) .
At the sensor positions, four nanocomposite sensors or four metal-foil strain gauges were attached. To collect sensor signals, an LCR meter for the nanocomposite sensors and a bridge box for the metal-foil strain gauges were used, respectively.
As shown in Fig. 9(a) , a notch was manufactured at a position near sensor B. The detailed shape and sizes of the notch are illustrated in Fig. 9(b) . Three notch depths, i.e., If the beam of depth 0.5 mm was removed from the test bed for manufacturing the notch of depth 1.0 mm, the boundary conditions might be changed when re-installing the beam back to the test bed. Therefore, to minimize the impact of notch manufacturing process on the boundary conditions, the following method was employed. Firstly, two notches in Fig. 10(a) with the same geometries as that in Fig. 9 were precisely manufactured on two aluminum die template plates using a milling machine. Note that the two die plates are of the same thickness of the aluminum cantilever beam. Secondly, these two die plates were put on the two sides of the cantilever beam. Then, they were fixed on a lower supporting plate by 2 upper square bars and bolts as shown in Fig.   10 (b) and 10(c). The lower supporting plate in Fig. 10(c) was further located on an iron slab to keep the cantilever beam horizontal. Then, the notch on the cantilever beam was made by a handy saw until its shape and depth match with those pre-induced notches on the two die plates (see Fig. 10(c) ). The finally obtained notch on the cantilever beam is shown in Fig. 10(d) . Then, the die plates were removed and SHM tests were performed.
After the SHM tests, the two die plates were manufactured again to get a new notch depth, and then the above process was repeated.
The obtained strains using metal-foil strain gauges for the intact and damaged beams under the 3 kg weight are shown in Fig. 11(a) . The estimated strains at the four sensor positions using the classical Euler-Bernoulli beam theory are:  A ≈2700
， B ≈2200 ， C ≈1700  and  D ≈1200  in the intact beam, which agree well with those in Fig. 11(a) respectively, which are much lower than 0.2% proof stress of A5052, i.e., 220 MPa.
This implies that there is no plastic deformation at the sensor positions of the intact beam. With the introduction of the notch, in Fig. 11(a) , there are small decreases in the strains of gauges A, C and D, while a small strain increase happens in the gauge B near the notch. However, the strain variations in the four gauges are very small. In Fig. 11(b) , the strains of the metal-foil gauges were converted to  using =K. Again, as shown in Fig. 11 (b) the changes of caused by the damage are very small. In fact, even the maximum value of  is only 0.6% in Fig. 11(b) . For the present four nanocomposite sensors (5 wt.% VGCF loading), after their performance was stabilized through some load cycles, the sensor signals during loading process for the intact beam are shown in Fig. 12(a) . In the sensor signals, a gradual increase during the quasi-static loading stage and a very stable platform after the loading stage can be identified. The four nanocomposite sensors work very stably. The results of the four sensors'  are shown in Fig. 12(b) . Compared with Fig. 11(b) , it can be found that the variation trends of the four nanocomposite sensors due to the damages are the same with those of the metal-foil strain gauges. However, the present  variations are much more significant. For an objective comparison, the y-axis scale of Fig. 12(b) is just 10 times larger than that of Fig. 11(b) since the sensitivity of the nanocomposite sensors is around 12 times higher than that of the metal-foil strain gauges.
The changes in , i.e., = damage - intact , where  intact denotes  of the intact beam and  damage is  of the damaged beam, are plotted in Fig. 13(a) . It can be found that of the metal-foil gauges are much smaller than those of the nanocomposite sensors. In fact, its maximum value is only 0.00835 (gauge C, 1.5 mm notch). For the smallest notch, the largest  is only(gauge B, 0.5 mm notch). It means that even for the severest damage case, it is still difficult to identify the occurrence of damage since such a small change in , i.e., 0.00835, may be caused by experimental noises or other environmental factors. The nanocomposite sensors work much better. Its maximum value is 0.3476 (sensor A, 1.5 mm notch) in Fig. 13(a) , which is around 42 times higher than 0.00835 (gauge C, 1.5 mm notch). Even for the smallest damage, the largest  in the four nanocomposite sensors is still -(sensor A, 0.5 mm notch), which implies that it is still possible to monitor the sensor signal variation caused by such a tiny damage. Moreover, the relative change ratios of , i.e., =( damage - intact )/ intact [%] , are also demonstrated in Fig. 13(b) . Again, the nanocomposite sensors perform much better. The largest of the four nanocomposite sensors is 17.88% (sensor D, 1.5 mm notch), which is 7.4 times higher than the largest one of the four metal-foil gauges, i.e., 2gauge D, 1.5 mm notch). Therefore, it is easy to monitor the occurrence of damage from these remarkable changes in  and  in the nanocomposite sensors without using any amplifier, such as the bridge box used for the metal-foil gauges.
Moreover, the damage should be located near the nanocomposite sensor B since only its  increases, and other three sensors'  decrease in Fig. 13 . This means that the strain or stress concentration caused by the damage occurs near the nanocomposite sensor B. Additionally, in Fig. 13 , by observing the results of the nanocomposite sensors, the clear correlative dependence of  or  on the notch depth provides a quantitative means for the estimation of the notch depth.
Conclusions
In this work, the signal stability and reproducibility, and durability of VGCF/epoxy nanocomposite strain sensors subjected to static cyclic loads were evaluated. It was found that there is a big change in sensor's  (piezoresistivity) between the 1 st and 2 nd test, however, the sensor behavior was stabilized gradually from the 2 nd to the 300 th test.
The signal stability and reproducibility of the VGCF/epoxy nanocomposite strain sensors using 5 wt.% VGCF loading are higher compared to those using 3 wt.% VGCF loading. When using the VGCF/epoxy nanocomposite strain sensors (5 wt.% VGCF loading) to static SHM of a cantilever beam, it was found that, compared to the conventional metal-foil strain gauges, the nanocomposite sensors are much more effective in detecting tiny structural damage (e.g., a 0.5mm deep notch), and evaluating the degree of damage based on the changes of . 
